A method for calculating electron transport in layered materials is described. It is applied to a problem of radiation damage in MOS capacitors irradiated with a Cu x-ray tube operated at 45 kV. The effects of photoelectron transport are found to be significant.
INTRODUCTION
There are a number of problems where it is necessary to know in detail the depth distribution of energy deposited by relatively low energy photon sources. For example, Dozier et al. have suggested that the investigation of radiation effects in MOS devices can usefully be performed using such a source, in particular a Cu target x-ray tube operated at 45 kV (1, 2) . In order to properly interpret the data obtained using such a source it is essential to treat the effect of photoelectron transport on the depth profile of energy deposition in the test device. In this paper we shall present such a treatment, based on a numerical solution of the Boltzmann equation. The methods to be described will be based on the previous work of Brown and coworkers (3, 4, 5, 6, 7) where they have been extensively applied to problems of x-ray production and x-ray analysis in the 1-10 keV regime.
In addition, it has been suggested that fine-line lithography might be obtainable using x-ray sources of somewhat lower energy, for example, a rotating Al anode tube operated at 10 kV (8, 9) . We shall apply our techniques to the calculation of the dose-depth profile in a model x-ray lithography problem. The methods to be described are less expensive than Monte Carlo treatments of energy deposition in layered media. In addition they are less approximate than the diffusion treatment of Garth (10) .
In the remainder of this paper we shall (a) discuss a simplified approach to the Cu tube deposition problem, (b) discuss a more refined treatment of the same problem and (c) discuss the Al tube (lithography) problem.
TREATMENT OF MONOENERGETIC PHOTOELECTRONS
The problem at hand can be treated usefully in a somewhat simplified form. We begin by establishing the rationale for this simplified model. Figure 1 shows (in dashed lines) a calculated dose profile for a MOS capacitor. This dose profile was obtained by taking into account photoelectric absorption of the incident photons while ignoring electron transport effects. It is useful to think of it as the energy deposition which exists after photon absorption has taken place, but before any electron transport has taken place. The correction of this curve for electron effects is, then, the principal subject of this paper. In Fig. 1 the dose in each layer has been normalized to that in SiO2, for simplicity. The indicated deposition was caused by a commercial Cu target x-ray tube operated at 45 keV with a .025 gm/cm2 thick Ni filter used to eliminate eliminate most of the Cu KS line. The spectral output of the tube was obtained using a program developed by J.W.Criss (11) . The output of this program has been shown to be in agreement with experimental data and with the prediction of more elaborate programs (6, 7) . We must now consider what spectrum of electrons will be generated by the deposited energy shown in Fig. 1 .
The energy deposition of Fig. 1 
ELECTRON TRANSPORT THEORY
We will now consider how the transport of these 7 keV electrons within a layered medium may best be handled. We shall describe an approach which, to our knowledge, has not previously been applied to "interface effects," though it is a close relative of the work of Garth (10) . That is, Garth's diffusion approximation is a limiting case of the more general approach we will describe.
Brown et al. (3, 4) have treated related problems with the numerical solution of the equation
In Eqn. 1 the distribution function, f(x,O,s), is the probability than an electron which has traveled a distance s will have a position between x and x+dx (measured from the surface) while its direction of travel has an angle between e and 6+dO (measured from the internal surface normal). If both sides of Eqn. 1 are divided by the stopping power dV/ds, we may produce a second equation which is now in terms of a differential in energy rather than a differential in path length,
It can be shown (4) that when the electrons become sufficiently isotropic, then Eqn. 
where
Eqn. 3a, which has the form of a diffusion equation, has been applied by Garth (10) We shall now consider the application of the transport calculation just described to our problem of 7 keV electrons deposited in an MOS structure. The energy deposition process shown first in Fig. 1 by the dashed lines is shown again in Fig. 1 within the oxide for each of the five oxide thickness treated. Note that the 750O curve represents the same data previously shown in Fig. 1 . In addition, similar calculations have been performed for the same five oxide thicknesses using a gate of Si rather than one of Al. Figure 2 also shows the energy deposition in the oxide for these Si gate capacitors (dashed lines).
Note that the degree of dose enhancement in the oxide is strongly depedndent on oxide thickness. It is also dependent on the gate material, reaching a maximum of about a factor of 1.65 for the Al gate and a factor of 1.8 for the Si gate. These results are not greatly affected by electron loss at the gate-vacuum interface, at least for the gate thicknesses used here.
USE OF A POLYCHROMATIC ELECTRON SPECTRUM
The calculations described in the previous section were much simplified by the assumption of a monoenergetic electron spectrum. We shall now outline a more rigorous approach. A realistic polychromatic spectrum was obtained in the following manner. The x-ray tube spectrum is obtained using the Criss program, as described above. This spectrum is input into a photon transport code which does five things. First, the spectrum (including both lines and bremsstrahlung) is broken into a histogram. Second, this histogram spectrum is deposited into a layered specimen, using standard x-ray absorption coefficients (13) . Third, the absorbed energy is partitioned among the elements and the several ionizations (K,LI,LII, etc.) using standard absorption coefficients and absorption edge jump ratios (13) . Fourth, the energy associated with a given ionization is partitioned among photoelectrons, Auger electrons, and photons. We have used the fluorescence yield factors of Bambynek et al. (14) . Fifth, an electron spectrum data file is produced for later use by electron transport programs.
The result of the above series of calculations as applied to the filtered 45 keV Cu tube spectrum in SiO2 is shown in Fig. 3 . For the cases treated in this paper a negligible fraction of the absorbed energy is transferred to characteristic line photons, i.e., the majority of the energy is transferred to photoelectrons and Auger electrons.
An electron spectrum such as that of Fig. 3 can be introduced into a solution of Eqn. 2 in a straightforward manner. As the solution steps down through the range of electron energies, additional electrons are introduced as appropriate. The Auger electrons were given an isotropic angular distribution. The photoelectrons were given a sin2O distribution (15) . It was determined that the results were insensitive to the angular distribution assumed for the photoelectrons. Figure 4 shows how the results of Fig. 1 are modified by the introduction of this more realistic spectrum. It can be observed that the differences between using 7 keV electrons and using a more realistic electron spectrum are in this case noticeable, but small.
ENERGY DEPOSITION IN X-RAY LITHOGRAPHY
In this section we shall treat a second example where energy deposition in layered materials is of current interest. In the attempt to develop a workable x-ray lithography technique, two important considerations are the energy deposition in the photoresist and in the SiO2 layers (8, 9, 16) . We have applied the methods described above to a representative x-ray lithography problem. As a typical x-ray source we have assumed a rotating Al anode x-ray tube at 10 kV. As a typical specimen, we have taken a str cture consisting of 5000 8 of PBS (photorpsist), 1000 X of SiO2, 5000 A of polysilicon and 1000 of SiO2 (gate), on a Si substrate.
The results of our dose calculations are given in Fig. 5 . The dashed line represents the deposition which would be calculated from photon absorption alone. The solid line gives the results of the full calculation including the effects of photon absorption (for x-ray line and bremsstahlung) and electron transport (photoelectrons and Auger electrons). Two conclusions can be drawn from Fig. 5 
